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Monday, February 27, 2012 239alipid bilayer and control the actin-actin or actin-lipid interactions by the addi-
tion of cross-linking proteins. Upon the addition of myosin II motors, we ob-
serve the movement of actin and myosin by timelapse confocal microscopy.
In the absence of adhesion to the membrane and actin cross-linking proteins,
contractility at 10-100 um length scales is only observed for sufficiently long
(10 um) actin filaments. To facilitate contraction of short filaments (~ 1 um),
the addition of an actin cross-linker protein is required. Increasing adhesion
to the lipid bilayer reduces the rate of contraction while facilitating tension
build up. Our results demonstrate the roles of actin network connectivity and
membrane adhesion in modulating the nature of force transmission in a biomi-
metic model of the actin cortex.
Platform: Membrane Receptors & Signal
Transduction II
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Heptahelical G protein-coupled receptors (GPCRs) can exist as monomers and
a ternary complex of ligand, GPCR and heterotrimeric G protein is the basic
signaling unit. GPCRs also tend to form dimers and higher-order oligomers
in membranes, although the functional consequences of these interactions
are in most cases unknown. Furthermore, the precise protein-protein inter-
face(s) in receptor dimers and the mechanisms mediating dimerization remain
controversial. Two-dimensional and three-dimensional densities obtained
from electron microscopy, as well as X-ray data on packing of rhodopsin
crystals, suggest that the primary dimer contacts involve transmembrane
helix (H) 1 and cytoplasmic H8. Biochemical crosslinking studies with dopa-
mine D2 receptors hint that this interface may be broadly significant. We cross-
linked rhodopsin dimers in native rod outer segment disk membranes to
demonstrate the proximity of H8 between adjacent receptors. Four homobi-
functional cysteine-reactive crosslinkers were used, two with maleimide groups
and two with methanethiosulfonate groups. The formation of dimers and
oligomers was verified by SDS-PAGE, size-exclusion chromatography, and
immunoblot analysis. We used partial proteolysis and high-resolution liquid
chromatography-mass spectrometry (LC-MS) to identify the site of a crosslink
between Cys316-Cys316. Cys316 is one of two reactive cysteines in rhodopsin
and is located in H8. The spacer length of the crosslinkers that formed the in-
termolecular Cys316-Cys316 crosslink is consistent with the distance predicted
in a H1/H8 dimer model. This result corroborates findings from coarse-grained
molecular dynamics (CGMD) potential of mean force (PMF) calculations,
which show that the H1/H8 orientation is by far the most stable among the
possible dimer orientations tested. Together these results strongly suggest the
existence of this interface in native membranes. Given the high degree of
homology across class A GPCRs, these results may be relevant for other
receptors.
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Retinal is the covalently bound inverse-agonist of the prototypical G protein-
coupled receptor, rhodopsin. It comprises a b-ionone ring and polyene chain
covalently bound to Lys296 of rhodopsin by a protonated Schiff base (PSB).
During the course of rhodopsin activation, retinal initially undergoes an
11-cis / all-trans isomerization, followed by a deprotonation of the Schiff
base. Using quantum chemical calculations at the MP2 level of theory and solid
state NMR spectroscopy we demonstrate substantial differences in retinal
structure and dynamics between the protonated and deprotonated species.
The delocalization of positive charge from the PSB results in perturbations
of the entire retinal moiety upon deprotonation. For example, methyl rotation
barriers are shifted as much as 200% [1]. Surprisingly, deprotonation of retinal
drastically affects the energetics of b-ionone ring rotation, producing an extra
minimum in the C5=C6-C7=C8 torsional energy surface. This results in a pro-
ton affinity (PA), and hence pKa, that depends on b-ionone ring orientation.
Specifically, the PA of retinal is lowered for non-planar conformations of the
b-ionone ring, in turn lowering the pKa and facilitating the deprotonation re-
quired for formation of the Meta I pre-activated state of rhodopsin. In order
to extend these calculations to account for interactions within the rhodopsinbinding pocket we have used the QM data, including MP2 level torsion scans
of every dihedral angle, to refine new retinal force fields for both protonation.
This data opens the door to future molecular dynamics studies of retinal
proteins that include the activated Meta II state. [1] B. Mertz et al. (2011)
Biophys. J. 101: L17.
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A third of marketed drugs act by binding to a G protein-coupled receptor
(GPCR) and either triggering or preventing receptor activation. While recent
crystal structures have provided snapshots of both active and inactive func-
tional states of GPCRs, these structures do not reveal the mechanism by
which GPCRs transition between these states. Here we characterize the acti-
vation mechanism of the b2-adrenergic receptor, a prototypical GPCR, using
the first simulations in which a GPCR transitions spontaneously from one
crystallographically observed state to another (Nature 469:236 (2011);
PNAS, in press); the total duration of these all-atom simulations, at over
600 microseconds, is unprecedented for a molecular system of this size. A
loosely coupled allosteric network, comprising three regions that can each
switch individually between multiple distinct conformations, links small per-
turbations at the extracellular drug-binding site to large conformational
changes at the intracellular G protein-binding site. Our simulations also reveal
an intermediate that may represent a receptor conformation to which a G pro-
tein binds during activation, and suggest that the first structural changes dur-
ing receptor activation take place on the intracellular side of the receptor, far
from the drug-binding site. By capturing this fundamental signaling process in
atomic detail, our results may provide a foundation for the design of drugs
that control receptor signaling more precisely by stabilizing specific receptor
conformations.
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Recently, by developing special single-molecule techniques and analysis the-
ory, we first time ever succeeded in obtaining the two-dimensional association
equilibrium constant in the membrane and fully characterizing the equilibrium
by also obtaining both dissociation and association rate constants (Kasai et al.,
2011). As an important paradigm for this work, we examined the monomer-
dimer equilibrium of a GPCR, formyl-peptide receptor (FPR). Here, we applied
this method to a prototypical class-A GPCR, beta2-adrenergic receptor (B-AR),
to clarify whether it forms dimers. Although B-AR has been studied exten-
sively, whether it (and other class-A GPCRs in addition to FPR) exists as di-
mers has been controversial. We found that B-AR does form dimers with
rate and equilibrium constants similar to those for FPR (FPR values in paren-
theses): the monomer-dimer equilibrium constant = 1.6 (3.6) copies/square
microns; the dimer dissociation rate constant of 12.6 (11.0) /s [dimer lifetime
of 80 (90) ms]; and the monomer association rate constant of 7.9 (3.1)/[copies/
square microns]/s. However, under physiological conditions, the behaviors of
B-AR and FPR were quite different due to the difference in the expression
levels, ~260 and ~2.1 copies/square microns [740,000 (6,000) copies/cell] in
dog heart cells and neutrophils, respectively. The majority (95%) of B-AR
would exist as dimers, whereas about half (42%) of FPR would do so. Interest-
ingly, their dimer lifetimes are similar, ~80 and ~90 ms, respectively, but their
monomer lifetimes would be vastly different, i.e., 0.49 ms and 154 ms, respec-
tively. These results suggest that the dynamic monomer-dimer equilibrium
might play a role in signal transduction and/or its regulation.
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The entry of the human immunodeficiency virus 1 (HIV-1) into host cells
requires the sequential interaction of the viral envelope glycoprotein 120
(gp120) with the host-cell factor CD4 and with either CCR5 (CC chemokine
receptor 5) or CXCR4, both G-protein coupled receptors (GPCR). This leads
to the fusion of viral and host cell membranes. The normal physiological
240a Monday, February 27, 2012role of CCR5, however, is the regulation of immune-cell trafficking upon acti-
vation by its endogenous ligands: macrophage inflammatory protein 1a (MIP-
1a), MIP-1b and RANTES (Regulated on Activation, Normal T-cell Expressed
and Secreted). Since both, viral gp120 and the chemokines bind to the extracel-
lular parts of the receptor, binding of a natural ligand, e.g. RANTES, obstructs
the interaction of CCR5 with the viral protein, thereby hindering HIV infection.
This makes RANTES and other chemokines potential lead structures for novel
anti-HIV agents.
Here, we present advances on the study of the interactions of recombinantly-
expressed CCR5 with different chemokine variants and the small-molecule
inhibitor maraviroc. Experiments are performed by nuclear magnetic reso-
nance (NMR) and surface plasmon resonance (SPR), with CCR5 incorpo-
rated in either detergent micelles, lipid bilayers, or the synthetic model
membrane system of nanodiscs. Mechanistic implications of these results
are discussed.
While a 3D structure of CCR5 is still lacking, these data have the potential to
shed some new light on our understanding of HIV infection, as well as on the
topic of cellular signalling through chemokines. As the quality of preparation of
recombinant CCR5 samples improves, further milestones are expected towards
structural models of the ligand-CCR5 complexes.
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The G protein-coupled receptor (GPCR) CC chemokine receptor 5 (CCR5) is
the primary co-receptor required for HIV-1 cellular entry and the molecular
target for the HIV-1 cellular entry inhibitor maraviroc. Despite the fact that
maraviroc obtained FDA approval for therapeutic use in 2007, the precise
mode of receptor-drug interaction and its mechanism of action has not been
directly defined. Using unnatural amino acid mutagenesis and targeted photo-
crosslinking, we have identified amino acids in CCR5 that are within 3-5 A˚ of
the bound ligand. We introduced p-benzoyl-L-phenylalanine (BzF) and p-az-
ido-L-phenylalanine (AzF) at multiple specific sites in engineered CCR5 ex-
pressed in HEK-293T cells. Photocrosslinking experiments were performed
in live cells in the presence of [3H]maraviroc. Site-specific crosslinks were de-
tected by scintillation counting of Western Blot membranes of cell extracts.
The pattern of BzF and AzF crosslinks was compared based on existed models
of CCR5. This method is an extension of earlier work in which ligand ana-
logues with fluorescent tags were employed (1). Targeted photocrosslinking
using isotopically-labelled GPCR ligands allows the direct mapping of
a drug-binding site with chemical precision and can be used to discriminate
among various models of receptor-drug interaction. To our knowledge, this
is the first demonstration of a direct chemical crosslink between a GPCR
and a native small-molecule ligand. 1. Grunbeck, et al. (2011) Biochemistry
50, 3411-3413.
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Human cannabinoid CB2 receptor functions in plasma membranes of cells in
immune and hematopoietic systems upon binding of cannabinoid ligands. Pre-
viously we reported on functional reconstitution of the recombinant CB2 recep-
tor into liposomes. During solubilization and purification, structure of the
receptor in micelles is stabilized by adding anionic cholesteryl hemisuccinate
(CHS), that is used widely to maintain the functionality of recombinant
GPCR. Here we show that the functional structure of CB2 receptor in micelles
can be significantly preserved by replacing CHS with phospholipids prior to re-
constitution. By ligand binding studies on the reconstituted receptor performed
by 2H MAS NMR, that distinguishes specific binding to the receptor and non-
specific binding to the lipid matrix, and by G protein activation tests, we dem-
onstrated that the anionic 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine
(POPS) can be almost as efficient as CHS in stabilizing the receptor in micelles
while the zwitterionic PC counterpart, POPC, was much less effective. Our re-
sults obtained with various phospholipid headgroup and acyl-chain species sug-
gest that the net negative charge as well as the specific molecular structure of
the PS headgroup plays a key role in maintaining the structural integrity of the
receptor in micelles. On the reconstituted CB2 receptor in liposomes, effect of
negative electric potential of membrane surface on G protein activation was in-
vestigated by systematically changing the content of anionic CHS or PS. The
activation was highest at an anionic lipid content of about 50 mol%. Therewas no correlation between the efficiency of G protein activation and an in-
crease of hydrocarbon chain order induced by CHS or cholesterol. The results
highlight importance of anionic lipids in regulating signal transduction by CB2
receptor and possibly other class-A GPCR.
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Arrestins and heterotrimeric G proteins (Gabg) regulate G-protein-coupled re-
ceptors (GPCRs) signaling and trafficking. Arrestin binding to an activated
GPCR terminates receptor and G protein coupling, and promotes receptor inter-
nalization. The binding of the b-arrestins and G-proteins on agonist-bound
GPCRs is thought to be mutually exclusive. Here we show that b-arrestins pro-
long rather that desensitize parathyroid hormone (PTH) receptor (PTHR) sig-
naling. By using optical approaches (confocal microscopy, FRAP, TIRF,
fluorescence correlation spectroscopy, and FRET) in live cells in real time
we found that PTHR forms a ternary complex with b-arrestin1/2 and Gbg sub-
units in response to PTH stimulation. We further confirmed the formation of
a signaling PTHRarrestinGbg complex in response to PTH binding by us-
ing purified proteins in biochemical assays. Additionally, we found that the
rapid (t1/2< 60 s) assembly/disassembly dynamics formation of a receptor mi-
crodomain that contains PTH, PTHR, arrestin and Gbg subunits increases the
levels of G-protein activation and cAMP accumulation in magnitude and
duration. These data contradicted established tenets of the regulation of
GPCR signaling and raise the emerging concept that the formation of a long-
lived GPCR-Gbg-arrestin ternary complex contributes to prolonged receptor
signaling by mechanisms that presumably permit multiple rounds of GaS sub-
unit coupling and activation.
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Tail-anchored (TA) proteins, which comprise approximately 5% of all trans-
membrane proteins, contain a single transmembrane domain (TMD) located
near the C-terminus. This unique organization presents a topological problem
that prevents the classical cotranslational translocation by the signal recogni-
tion particle, thus a distinct posttranslational targeting pathway is required
for membrane insertion. In yeast, this is guided entry of TA-proteins (GET)
pathway. At the center of this process is Get3, an enzyme that shuttles a TA
protein from the cytosolic Get4/Get5/Sgt2 complex to the transmembrane
Get1/Get2 site. Biochemical and structural studies have revealed that Get3 is
a homodimer that leverages the power gained through ATP binding and hydro-
lysis to undergo large-scale conformational changes between an ‘‘open’’ and
‘‘closed’’ conformation. Through the use of conventional MD simulations, en-
hanced sampling, and rigorous free energy calculations in five possible sym-
metric and non-symmetric nucleotide states, we have mapped out the
underlying potential of mean force for the protein as it progresses through
the hydrolysis cycle. Results have lead to a mechanistic model that agrees
well with experiments on the stabilities of the open and closed conformations
in the symmetric states, and were able to not only predict the existence of the
very recently discovered semi-open state, but also to closely match its structure.
In addition, calculations predict the existence of a wide-open conformation,
along with the probabilities of each of these states as nucleotides bind and un-
bind from Get3. This model improves our interpretation of experiments on
Get3, suggests important details about the GET cycle, and provides a model
system for understanding the coupling of nucleotide binding and hydrolysis
to protein conformational changes.
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Using computer simulations we investigated the effect of coexisting phases on
the properties of lipid monolayers. This is important for understanding the role
of domains in surface activity of monolayers in general, and specifically in reg-
ulation of surface tension by lung surfactant. Molecular dynamics simulations
with the coarse-grained force field MARTINI were employed to study
